Xanthine oxidase (XOD), also known as xanthine dehydrogenase, is a rate-limiting enzyme in purine nucleotide degradation, which produces uric acid. Uric acid concentrations in the blood and liver exhibit circadian oscillations in both humans and rodents; however, the underlying mechanisms remain unclear. Here, we demonstrate that XOD expression and enzymatic activity exhibit circadian oscillations in the mouse liver. We found that the orphan nuclear receptor peroxisome proliferator-activated receptor-␣ (PPAR␣) transcriptionally activated the mouse XOD gene and that bile acids suppressed XOD transactivation. The synthesis of bile acids is known to be under the control of the circadian clock, and we observed that the time-dependent accumulation of bile acids in hepatic cells interfered with the recruitment of the co-transcriptional activator p300 to PPAR␣, thereby repressing XOD expression. This time-dependent suppression of PPAR␣-mediated transactivation by bile acids caused an oscillation in the hepatic expression of XOD, which, in turn, led to circadian alterations in uric acid production. Finally, we also demonstrated that the anti-hyperuricemic effect of the XOD inhibitor febuxostat was enhanced by administering it at the time of day before hepatic XOD activity increased. These results suggest an underlying mechanism for the circadian alterations in uric acid production and also underscore the importance of selecting an appropriate time of day for administering XOD inhibitors.
Circadian rhythms are ϳ24-h cycles that allow the adaptation of physiological and behavioral activities to environmental cues. Rhythmic changes in physiological functions have been suggested to help organisms anticipate daily changes in environmental conditions and feeding times (1) . This control is achieved through a complex program of gene expression. In mammals, the molecular clock machinery consists of interconnected transcriptional-translational feedback loops that ultimately ensure the proper oscillation of a number of genes in a tissue-specific manner (2) (3) (4) .
The circadian machinery also causes circadian alternations in the synthesis and degradation of small molecules in the body. The expression of genes responsible for nucleotide metabolism is known to be under the control of the circadian clock (5) . Consequently, the contents of free purine and pyrimidine bases, nucleosides, and nucleotides in the livers of mice vary with the time of day (5) . Because the liver is a site of active de novo nucleotide synthesis and controls the supply of free bases and nucleosides to other tissues for salvage (6 -9) , disturbances in the hepatic circadian clock have been implicated in nucleotide imbalance disorders.
Xanthine oxidase (XOD), 2 also known as xanthine dehydrogenase, is a rate-limiting enzyme in the terminal step of purine nucleotide degradation that converts hypoxanthine to xanthine and xanthine to uric acid (10 -12) . Circulating uric acid is excreted mainly by the kidneys (13) ; however, a small amount of uric acid is also secreted into the intestines (14) . The hepatic contents and blood concentrations of uric acid show significant circadian oscillations in male rats (15, 16) , despite its efficient degradation by uricase (urate oxidase). Although uricase is a pseudogene in primates, significant circadian oscillations in blood uric acid levels are also observed in humans and monkey (17, 18) , suggesting that the synthesis and/or excretion of uric acid in primates is also under the control of the circadian clock machinery. Despite the efficient mechanisms functioning to excrete uric acid, serum levels may readily increase in a manner that depends on dietary constituents, particularly the intake of meat and seafood rich in purine (19) . Therefore, XOD inhibitors are more commonly used to prevent hyperuricemia than inhibitors of the tubular reabsorption of uric acid (20, 21) . However, the role of XOD in the circadian regulation of uric acid metabolism remains largely unknown.
In the present study, we demonstrated that peroxisome proliferator-activated receptor-␣ (PPAR␣) acted as a transcriptional activator of the mouse XOD gene, and its hepatic expression exhibited circadian oscillation, which was generated by the time-dependent repression of PPAR␣ activity by bile acids. The circadian expression of XOD affected its enzymatic activity, which appeared to cause rhythmic changes in serum uric acid levels. Because circadian variations in the expression and/or activity of drug target molecules often cause dosing time-dependent changes in the pharmacological efficacy of drugs, we also investigated how the rhythmic change in the XOD activity influences the anti-hyperuricemic effects of XOD inhibitors.
Results

PPAR␣-mediated transcriptional regulation of the mouse XOD gene
During the analysis of the upstream region of the mouse XOD gene, we noted that the nucleotide sequences located from bp Ϫ1792 to Ϫ1780 and from bp Ϫ174 to Ϫ163 (ϩ1 indicates the transcription initiation site) showed homology with PPAR response elements (PPREs) (Fig. 1A) . The sequences were also identified at a similar position in the XOD genes of rats and humans. Because the expression of some PPAR␣ target genes shows circadian oscillations (22) (23) (24) , we investigated whether the mouse XOD gene was expressed in a PPAR␣-dependent circadian manner. As shown in Fig. 1B , the treatment of Hepa1-6 cells with 30 M bezafibrate, a typical PPAR␣ agonist, significantly increased XOD mRNA levels (p Ͻ 0.05). However, the bezafibrate-induced expression of XOD mRNA was dose-dependently suppressed by the PPAR␣ antagonist GW6471, suggesting that the hepatic expression of the XOD gene is under the control of PPAR␣.
The activity of the luciferase reporter under the control of the mouse XOD promoter containing these two PPREs (XOD (Ϫ1848)::Luc) were also enhanced by PPAR␣ and its heterodimer partner retinoid X receptor-␣ (RXR␣), but this reporter was unable to respond to the clock gene products CLOCK and BMAL1 or clock-controlled gene products ROR␣ and ATF4 (Fig. 1C) . Although the transactivation effect of PPAR␣/RXR␣ on XOD reporters was still observed with the elimination of the sequence up to bp Ϫ614, the deletion of the sequence from bp Ϫ614 to Ϫ158 caused a significant reduction in the transactivation effect of PPAR␣/RXR␣ by ϳ60% (Fig.  1D) . These results suggest that the PPAR␣ and RXR␣ complexes positively regulate the transcription of the mouse XOD gene through the PPRE located within the upstream region between bp Ϫ174 and Ϫ163.
Disrupted circadian rhythm in the hepatic expression of XOD in PPAR␣-null mice XOD mRNA and protein levels in the livers of wild-type mice exhibited significant circadian oscillations (p Ͻ 0.01 for mRNA, p Ͻ 0.05 for protein, Fig. 2, A and B) . Their expression levels increased from the late light phase to the early dark phase. In the livers of wild-type mice, a similar circadian oscillation was also observed in the enzymatic activity of XOD, converting xan- Basis of circadian production of uric acid thine to uric acid (p Ͻ 0.01, Fig. 2C ). Consistent with these results, the hepatic contents of uric acid and its serum concentrations fluctuated in a circadian time-dependent manner (p Ͻ 0.01 for hepatic contents; p Ͻ 0.05 for serum concentrations, Fig. 2, D and E) ; however, fluctuations in serum uric acid levels were delayed by ϳ4 -8 h with respect to the XOD circadian activity rhythm.
In contrast to findings in wild-type mice, circadian oscillations in XOD expression and its enzymatic activity were dampened in PPAR␣-null mice (Fig. 2, A-C) , where its expression and activity decreased throughout the day. Similar disruptions were also detected in the circadian rhythms of the hepatic contents of uric acid and its serum concentrations (Fig. 2, D and E) . These results suggest that PPAR␣ acts as a positive regulator of XOD expression and is also required to generate circadian changes in its enzymatic activity.
The time-dependent repression of PPAR␣-mediated transactivation by bile acids underlies the circadian expression of the XOD gene Although the transcription of PPAR␣ was shown to be under the control of the molecular circadian clock (25) , the strong expression of the PPAR␣ protein was detected in the hepatic nuclear fraction of wild-type mice at all time points examined (Fig. 3A) . In addition to PPAR␣, the protein levels of RXR␣ and the co-activator p300 did not appear to oscillate in the livers of wild-type mice (Fig. 3A) . The results of the chromatin immunoprecipitation (ChIP) analysis for wild-type livers also revealed that PPAR␣ and RXR␣ bound consistently to PPRE (from bp Ϫ174 to Ϫ163) in the XOD gene at both light and dark phases (Fig. 3B) , whereas the recruitment of p300 on PPRE in the XOD gene varied in a circadian time-dependent manner. The oscillation observed in the recruitment of p300 showed a similar phase to the XOD mRNA rhythm ( Fig. 2A) .
Because PPAR␣ is a ligand-activated transcription factor, its transcription activity is modulated by endogenous and exogenous compounds (26) . We demonstrated previously that the expression of PPAR␣ target genes, in which intestinal expression exhibits circadian oscillations, was repressed by bile acid (25) . Consistent with our previous findings (25) , the PPAR␣/ RXR␣-mediated transactivation of XOD was dose-dependently repressed by cholic acid (CA) (Fig. 3C) , a major component of bile acid in rodents (27) . Furthermore, the treatment of Hepa1-6 cells with cholic acid interfered with the recruitment of p300 to PPRE without changing the amounts of PPAR␣ and RXR␣ binding (Fig. 3D) . Treatment with CA also decreased the protein levels of XOD and its enzymatic activity in hepatic cells (Fig. 3E ). Because the rhythmic phase of bile acid accumulation in the livers of wild-type mice was nearly opposite that of the XOD mRNA rhythm (Fig. 3F) , the time-dependent accumulation of bile acid in hepatic cells may cause circadian oscillations 
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in XOD expression through the periodic repression of PPAR␣/ RXR␣-mediated transactivation.
Dosing time-dependent changes in the anti-hyperuricemic effect of the XOD inhibitor febuxostat in hyperuricemia mice
Because the activity of XOD showed circadian oscillations in the livers of wild-type mice, we investigated whether the antihyperuricemic effects of XOD inhibitors change in a manner that is dependent on the administration time. To achieve this goal, we prepared a hyperuricemia mouse model using the uricase inhibitor oxonic acid (OA). In rodents, uric acid is efficiently degraded by uricase. Therefore, the inhibition of this oxidase leads to the accumulation of uric acid in the blood and tissues (28, 29) . Indeed, serum uric acid concentrations in mice fed a 2% OA-containing diet gradually increased during the duration of the experiment (Fig. 4A) , whereas the feeding of this diet had negligible effects on food intake and water consumption (Fig. 4, B and C) . Furthermore, body weight gains in mice fed the 2% OA-containing diet were similar to those observed in control mice (Fig. 4D) .
It is reported that the chronic intake of OA sometimes causes renal dysfunction (30, 31) ; however, neither the renal expression of neutrophil gelatinase-associated lipocalin-2 (Ngal) mRNA, a marker for tubular damage, nor serum urea nitrogen (SUN), a marker for renal dysfunction, was affected by feeding the 2% OA-containing diet for 2 weeks (Fig. 4, E and F) . Feeding of the 2% OA-containing diet revealed a trend toward increased serum uric acid concentrations while still exhibiting time-dependent variations (Fig. 4G) . Although circadian variations in hepatic XOD activity were not affected by feeding with the 2% OA-containing diet (Fig. 4H) , the chronic feeding of the uricase inhibitor increased the amount of uric acid in the mouse liver at all time points examined (Fig. 4I) . The amplitude of the rhythm in hepatic uric acid contents was not significantly increased by 
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feeding with the 2% OA-containing diet, whereas the serum uric acid oscillation in mice fed the 2% OA-containing diet was enhanced from that in mice fed the control diet (Fig. 4J) .
On day 14 after the initiation of 2% OA-containing diet feeding, hyperuricemic mice were intraperitoneally (i.p.) administered 0.4, 2, or 5 mg/kg body weight of febuxostat at zeitgeber time (ZT) 2 or ZT14, times at which serum uric acid levels in 2% OA-fed mice increased and declined, respectively (Fig. 4J) . Serum uric acid concentrations in hyperuricemic mice transiently decreased after the single intraperitoneal administration of febuxostat at both dosing times (Fig. 5A ) but returned to the basal level within 24 h of its administration. When hyperuricemic mice were administered 5 mg/kg febuxostat i.p. at ZT2 or ZT14, hepatic XOD activity was suppressed for at least 12 h, and the inhibitory effects of febuxostat wore off within 24 h of its administration at both dosing times (Fig. 5B) . The time course of serum uric acid concentrations after the administration of febuxostat paralleled its inhibitory effect on XOD activity in the liver.
To compare the anti-hyperuricemic effects of febuxostat, we calculated the area under the curve of serum uric acid concentrations from 0 to 24 h after the febuxostat injection (AUC 0324 ). Dose-dependent reductions in the AUC 0324 of serum uric acid concentrations were observed in hyperuricemic mice after the administration of febuxostat at both dosing times; however, AUC 0324 values after the administration of the drug at ZT2 were slightly lower than those in mice given the drug at ZT14 (Fig. 5C ). These results suggest that the XOD inhibitor febuxostat effectively decreased serum uric acid concentrations when administered at the time of day prior to elevations in hepatic XOD activity.
Discussion
Several orphan nuclear receptors have been identified, and some have been characterized as lipid sensors that respond to elevated cellular lipid levels to regulate gene expression (32, 33) . Although a number of polyunsaturated fatty acids serve as ligands of PPAR␣ (34), transcriptional activity is also modulated by endogenous as well as exogenous compounds (30) . In this study, we demonstrated that PPAR␣ acted as a transcriptional activator of the mouse XOD gene and the PPAR␣-mediated transactivation of XOD was repressed by bile acids. As 6 -7) . G, temporal profiles of serum uric acid levels in mice during feeding of the 2% OA-containing diet. Blood samples were collected at ZT2 and ZT14 on the indicated day. Each value represents the mean Ϯ S.D. (n ϭ 3). H, temporal profiles of XOD activity in the livers of mice after feeding the 2% OA-containing diet for 14 days. Each value represents the mean Ϯ S.D. (n ϭ 3). I, temporal profiles of uric acid contents in the livers of mice after feeding the 2% OA-containing diet for 14 days. Each value represents the mean Ϯ S.D. (n ϭ 3). There was a significant time-dependent variation in the hepatic contents of uric acid in mice fed the control diet (F 5,12 ϭ 6.884, p ϭ 0.003; ANOVA) and 2% OA-containing diet (F 5,12 ϭ 4.638, p ϭ 0.014; ANOVA). J, temporal profiles of serum uric acid levels in mice after feeding of the 2% OA-containing diet for 14 days. There were significant time-dependent variations in serum uric acid levels in mice fed the control diet (F 5,30 ϭ 2.994, p ϭ 0.026; ANOVA) and those fed the 2% OA-containing diet (F 5,36 ϭ 2.907, p ϭ 0.026; ANOVA).
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previous and our present studies have demonstrated that the hepatic contents of bile acids vary in a circadian time-dependent manner (35, 36) , the expression of XOD may have oscillated due to the time-dependent suppression of PPAR␣-mediated transactivation by bile acids.
PPAR␣ and its heterodimer partner RXR␣ activate the transcription of the XOD gene by binding to PPRE; however, their binding on PPRE in the XOD gene was unaffected by CA. Consistent with previous findings (22) , CA interfered with the recruitment of p300 on PPRE in mouse XOD genes, thereby repressing its transcription. Assembled or preassembled coactivator complexes facilitate the liganded PPAR␣ to achieve the transcriptional activation of its target genes (37) . Once p300 and also the CREB-binding protein are recruited to the liganded PPAR␣, they remodel the chromatin structure by intrinsic histone acetyltransferase activities. p300 interacts directly with the ligand-binding domain of PPAR␣ (38) . The C-terminal region of PPAR␣ (residues 448 -468) is required for interaction with the N terminus of p300 spanning amino acids 39 -117. Therefore, CA appears to interfere with the interaction between PPAR␣ and p300, thereby suppressing XOD expression.
In wild-type mice, hepatic bile acid contents fluctuated between 0.2 and 0.3 mol/g tissue. Because the mean volume of the mouse liver was 1.33 Ϯ 0.05 ml/g tissue (mean Ϯ S.D.), hepatic concentrations of bile acid appear to oscillate between 154 and 231 M. CA is a major component of bile acid in rodents. Its content is ϳ42% of total bile acids (27) . Therefore, hepatic concentrations of CA appear to fluctuate between 65 and 97 M. This fluctuation is sufficient to affect XOD expression in the livers of mice because the PPAR␣/RXR␣-induced expression of XOD mRNA in Hepa1-6 cells was significantly suppressed by CA at concentrations greater than 100 M.
A previous study reports that the expression of Ppar␣ is under the control of the circadian clock (25) , and the expression of Ppar␣ mRNA exhibits significant circadian oscillations. Despite demonstrating clear circadian expression of Ppar␣ mRNA, there are no unified views on the circadian rhythmicity in the expression of PPAR␣ protein (39 -41) . In the present study, we were also unable to detect significant circadian expression of the PPAR␣ protein in the hepatic nucleus of ICR mice. Furthermore, the binding of PPAR␣ to the XOD gene promoter region was constant throughout the day. These results suggest that PPAR␣ and RXR␣ constantly bind to PPRE in the XOD gene to activate its expression. The temporal accumulation of CA in hepatic cells interferes with the association of PPAR␣ with p300, resulting in the rhythmic expression of XOD mRNA and its protein.
Although the XOD gene is expressed ubiquitously in the body (42) , the liver, which is the largest internal organ in humans and rodents, serves as the major site for the production of uric acid. Because the expression of XOD and its enzymatic 
activity in the livers of mice peaked around the late light phase, the hepatic synthesis of uric acid may be enhanced during this time window. After its synthesis in hepatic cells, uric acid is exported from the liver to the circulation. Therefore, oscillations in serum uric acid concentrations appeared to be delayed by ϳ4 -8 h relative to the hepatic rhythm of XOD activity.
In rodents, uric acid is efficiently degraded by uricase (28, 29) ; thus, the inhibition of this oxidase enzyme by oxonic acid is often employed to prepare a hyperuricemic model in rodents. In the present study, no marked changes were observed in the rhythmicity of XOD activity in the livers of mice fed the 2% OA-containing diet, whereas hepatic and serum uric acid concentrations were elevated throughout the day and still appeared to exhibit circadian oscillations. These results suggest that the feeding of mice with this dosage of oxonic acid effectively suppresses uricase activity without changing the rhythm of uric acid production. Although no significant change was observed in the amplitude of the rhythm in hepatic uric acid contents, serum uric acid oscillations were enhanced by feeding with the 2% OA-containing diet. Elevated serum uric acid concentrations in mice fed the 2% OA-containing diet were detected mainly during their daily feeding time (the dark phase). Therefore, the dietary consumption of uric acid may also contribute to enhancing serum uric acid oscillations.
A previous study demonstrated that the hepatic contents of uric acid increase in mice deficient in Bmal1, a major component of the circadian clock (5). This finding supports the present results and also suggests that the production and/or degradation of uric acid is under the control of the circadian clock. We found an elevation in XOD mRNA levels in the livers of Bmal1 Ϫ/Ϫ mice, despite no significant alteration in the expression of uricase (Fig. S1) . The mRNA levels of PPAR␣ and RXR␣ were also not significantly increased in Bmal1 Ϫ/Ϫ mice (Fig.  S2) . However, BMAL1 has been suggested to act as a positive regulator of bile acid synthesis (36, 43, 44) . Therefore, the transcriptional activity of PPAR␣ in the livers of Bmal1 Ϫ/Ϫ mice appears to be enhanced due to a decrease in bile acid production. The alleviation of the bile acid-mediated repression of PPAR␣ activity may induce the expression of XOD, thereby facilitating uric acid production in Bmal1 Ϫ/Ϫ mice. Because uricase is a pseudogene in primates (45) , the excess production of uric acid induces hyperuricemia and gout in humans. XOD inhibitors are often administered to these patients after meals during the daytime. Febuxostat has an apparent elimination half-life of ϳ5-8 h (46); therefore, this drug is generally taken once a day, mainly in the morning. In hyperuricemia model mice, the anti-hyperuricemic effect of febuxostat was enhanced by its administration in the early light phase (ZT2), during which nocturnally active mice begin to fall asleep. The inhibitory effect of febuxostat on XOD activity in the livers of mice continued for at least 12 h after its administration (5 mg/kg, i.p.) at both dosing times. However, XOD activity, namely the production of uric acid, in the livers of mice was elevated from the late light phase to the early dark phase. Therefore, pretreatment of hyperuricemic animals with febuxostat prior to elevations in hepatic XOD activity would more effectively suppress the production of uric acid.
The present results obtained from animal model reveal that XOD is a PPAR␣-targeted gene that is expressed in a bile aciddependent circadian manner. The time-dependent suppression of PPAR␣-mediated transactivation by bile acid appeared to generate circadian oscillations in XOD expression and its enzymatic activity in the livers of mice. Thus, our present findings also indicate a molecular link connecting the circadian machinery to uric acid metabolism. Because dosing time-dependent differences in drug efficacy or side effects are caused not only by circadian changes in the sensitivity of living organisms to drugs but also by drug pharmacokinetics, selecting the most appropriate time of day for the administration of febuxostat will contribute to achieving rational chronopharmacotherapy for the treatment of patients with hyperuricemia and gout.
Experimental procedures
Animals and treatment
Male PPAR␣-null mice (129S4-Svjae-PPAR␣ muGonz N12) with a JcI:ICR background and wild-type mice of the strain (Kyudo Co., Ltd., Tosu, Japan) were housed with ad libitum access to food and water in a temperature-controlled (24 Ϯ 1°C) room under a 12-h light/dark cycle. Under the light/dark cycle, ZT0 was designated as "lights on" and ZT12 as "lights off." To prepare a hyperuricemia model, mice were fed a 2% (w/w) potassium oxonate (Wako Pure Chemical Industries, Osaka, Japan)-containing diet (28, 29) . All animal experiments followed the Law for the Human Treatment and Management of Animals and other related laws and regulations. All of the experiments were conducted under a protocol approved by the internal committee for animal experiments at Kyushu University.
Cell culture and treatment
The mouse hepatoma cell line Hepa1-6 (Cell Resource Center for Biomedical Research, Sendai, Japan) was cultured in Dulbecco's modified Eagle's medium (Life Technologies) supplemented with 10% fetal bovine serum and 100 units/ml penicillin/streptomycin. Cells were grown in monolayer cultures at 37°C in 5% CO 2 . After growing to semiconfluency, cells were treated with a PPAR␣ agonist, bezafibrate (Wako Pure Chemical Industries), a PPAR␣ antagonist, GW6471 (Sigma Aldrich), or cholic acid (Wako Pure Chemical Industries).
Construction of reporter and expression vectors
The upstream region of the mouse XOD gene (from bp Ϫ1848 to ϩ131, bp Ϫ614 to ϩ131, or bp Ϫ158 to ϩ131, where ϩ1 indicates the transcription start site) was amplified using Platinum PCR SuperMix High Fidelity (Life Technologies). PCR products were purified and ligated into the pGL4.12 promoter vector (Promega, Madison, WI). The primer sequences used in the construction of reporter vectors are listed in Table 1 . The expression vectors of CLOCK, BMAL1, ROR␣, ATF4, PPAR␣, and RXR␣ were made previously in our laboratory (22, 47) . In brief, the coding regions of each gene were obtained by RT-PCR and used after their sequences were confirmed. All coding regions were ligated into the pcDNA3.1 vector (Life Technologies).
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Hepa1-6 cells were seeded into 6-well culture plates (BD, Franklin Lakes, NJ). Cells were incubated to semiconfluency and transfected with reporter vectors (200 ng/well) and expression vectors (3000 ng/well) using Lipofectamine LTX reagent (Life Technologies). As an internal control reporter, the phRL-TK vector (Promega) was co-transfected in all experiments. The total amount of DNA in each well was adjusted by the addition of empty pcDNA3.1 vectors (Life Technologies). Twenty-four hours after transfection, cells were harvested, and the lysate was analyzed using a Dual-Luciferase reporter assay system (Promega). Firefly luciferase activity was normalized by Renilla luciferase activity in each sample.
Real-time PCR analysis
Total RNA was extracted from mouse liver or cultured Hepa1-6 cells using RNAiso Plus (Takara Bio Inc., Shiga, Japan). cDNA was synthesized from total RNA using a ReverTra Ace qPCR RT kit (Toyobo, Osaka, Japan). Diluted cDNA samples were analyzed using THUNDERBIRD TM SYBR qPCR mix (Toyobo) and the 7500 real-time PCR system (Applied Biosystems, Foster City, CA). The ⌬Ct (delta threshold cycle) method was used for quantification, and transcript levels were normalized to ␤-actin. The primer sequences used in the PCR analysis are listed in Table 2 .
Western blot analysis
Hepatic tissues were homogenized in CelLytic TM cell lysis reagent (Sigma Aldrich), and nuclear fractions were prepared using a LysoPure TM nuclear and cytoplasmic extractor kit (Wako). Protein samples (10 g) were denatured and separated on SDS-polyacrylamide gels. The separated proteins were transferred to polyvinylidene difluoride membranes. The membranes were reacted with antibodies against XOD (sc-20991, Santa Cruz Biotechnology, Santa Cruz, CA), PPAR␣ (sc-9000, Santa Cruz Biotechnology), RXR␣ (sc-553, Santa Cruz Biotechnology), p300 (sc-584, Santa Cruz Biotechnology), ␤-actin (sc-1616, Santa Cruz Biotechnology), or TATA-binding protein (TBP, 1:1000; ab51841, Abcam). Specific antigenantibody complexes were visualized using horseradish peroxidase-conjugated secondary antibodies and Chemi-Lumi One (Nacalai Tesque, Kyoto, Japan). Signals from the membrane were detected and imaged using LAS3000 (Fuji Film, Tokyo, Japan).
Measurement of XOD activity
Approximately 30 mg of liver tissue was homogenized with 1.0 ml of 0.25 M sucrose solution. The liver suspension was centrifuged at 3000 rpm for 10 min, and the supernatants were collected. A total of 0.05 ml of the supernatant was incubated with 0.7 ml of 0.5 M phosphate buffer (pH 7.4) containing 7.5 M potassium oxonate and 62.5 nmol of xanthine at 37°C for 2 h. After deproteinization of the reacted solution by 1% trichloroacetic acid, the concentration of uric acid was assessed by high performance liquid chromatography (HPLC), which is described as follows. An increase in uric acid after the 2-h incubation was assessed as XOD activity. XOD activity was normalized by the weight of the liver.
ChIP analysis
Cross-linked chromatin in the livers were sonicated on ice, and nuclear fractions were obtained by centrifugation at 10,000 ϫ g for 5 min. Supernatants were incubated with antibodies against PPAR␣ (sc-9000, Santa Cruz Biotechnology), RXR␣ (sc-553, Santa Cruz Biotechnology), p300 (sc-584, Santa Cruz Biotechnology), or rabbit IgG (sc66931, Santa Cruz Biotechnology). DNA was purified using a DNA purification kit (Promega) and amplified by PCR for the surrounding PPRE in the 5Ј-flanking region of the XOD gene. The primer sequences used in the amplification of the surrounding or outside PPRE are listed in Table 3 . The quantitative reliability of PCR was evaluated by the kinetics of the amplified products to ensure that signals were derived only from the exponential phase of amplification. This analysis also proceeded in the absence of an antibody or in the presence of rabbit IgG as negative controls. Ethidium bromide staining did not detect any PCR products in these samples.
Measurement of bile acid contents in the liver
Approximately 30 mg of liver tissue was homogenized with 1.0 ml of 70% ethanol and then incubated at 55°C for 4 h. The liver suspension was centrifuged at 3000 rpm for 10 min, and the supernatant was collected. The supernatant was evaporated to dryness and resuspended in 300 l of 0.5 M phosphate buffer (pH 7.0). The concentrations of total bile acids were measured using the Total Bile Acids assay kit (Diazyme Laboratories). The amount of bile acids was normalized by the weight of the liver.
Measurement of serum urea nitrogen
To assess renal function, SUN was measured using a urea nitrogen kit, UN3 (Wako Pure Chemical Industries) according to the manufacturer's protocol.
Measurement of serum uric acid levels
The concentration of uric acids was measured as described previously (48) . In brief, 10 l of mouse serum, urine, or liver Basis of circadian production of uric acid homogenates was mixed with 0.4 l of 0.6 M sodium perchlorate. The mixture was centrifuged at 12,000 rpm for 10 min, and the supernatant was collected. The supernatant was added to an equal volume of 0.2 M sodium hydrogen phosphate solution, including 1 mg/dl adenine as an internal control, and subjected to HPLC. The mobile phase of phosphate buffer (pH 2.2, 74 mM)-methanol (96:4, v/v) was eluted at 1.0 ml/min through a 5C 18 -MS-II column (4.6 ϫ 150 mm, Nacalai Tesque) using an LC-20AD pump (Shimadzu Corp., Kyoto, Japan). The separated analyte was detected using an SPD-20A detector (284 nm, Shimadzu Corp.).
Statistical analysis
The significance of the 24-h variations in each parameter was tested by ANOVA. The significance of differences among groups was analyzed by ANOVA followed by the TukeyKramer or Dunnett's post hoc test. The Student's t test was applied for comparisons between two groups. Equal variances were not formally tested. p Ͻ 0.05 was considered significant. 
